. Renal uptake of the antiapoptotic protein survivin is mediated by megalin at the apical membrane of the proximal tubule.
established that survivin also regulates cell division, being a seminal member of the chromosomal passenger complex in mitosis (2) . For many years survivin had been postulated to be of relevance in embryonic development and cancer only. Hence, therapeutic strategies targeting survivin have been thought to be an ideal approach in cancer and a number of clinical studies are ongoing. However, an increasing number of studies have shown expression and subsequently function of survivin in different physiological tissues. Therefore, a better understanding of the physiological roles of survivin is required.
We have previously described that survivin can be adundantly found in healthy adult kidney, both at the mRNA and protein level (12) . The latter was predominantly found at the apical membrane of proximal tubules, all of which had been unexpected findings. Until now it was unclear as to whether the observed survivin derived from endogenous synthesis within the tubular cells or whether it is taken into the cell from an exogenous source. Unbound proteins below a size of ϳ60 kDa are filtered through the glomerulus into the primary urine. An important function of the kidney is to reabsorb most of these proteins in the proximal tubule by endocytosis for subsequent lysosomal degradation (4) . As a result, minimal amounts of protein pass into the urine in healthy kidneys. The tubular protein reabsorption is achieved by the endocytotic receptors megalin or cubilin. Knockout mice for megalin show low molecular weight proteinuria and die shortly after birth (29) . The human disease Donnai-Barrow syndrome is caused by megalin mutations and leads to a complex neurofacial syndrome and proteinuria (8, 24) . The list of proteins specifically reabsorbed by megalin and cubilin is continuously increasing, which underlines the importance of this system. Apart from the suspected toxicity of large amounts of protein in the distal tubulus, it is important for mammal organisms to maintain amino acid homeostasis, as well as to recycle specific vital substances to the circulation to deliver it back to its site of action, such as vitamin D (19, 20) .
If survivin behaved similarly, it would have to be postulated that survivin is a circulatory protein to some extent in normal mammals and not only in cancer patients. Survivin forms a homodimer in aqueous solution (27) , yet both the monomeric form (16 kDa), as well as the homodimer (32 kDa) are well below the threshold of the glomerular filter, if they are unbound. If survivin would indeed be reabsorbed by tubular cells, a number of questions would arise. Are megalin and/or cubilin responsible for the tubular reabsorption? Survivin would have to circulate in the blood, where the source of survivin would be completely unclear. What would the relevance of the imported survivin be, either for the kidney or the organism as a whole?
Overall, this context opens up a completely new aspect of survivin biology, which runs against the long held paradigm of exclusive oncofetal importance. Therefore, this report focuses on a thorough characterization of the apical membrane bound protein of survivin in the kidney and does not attempt to investigate the putative role of endogenous survivin upregulated by cell stress in renal tubular cells. We show that apical survivin is specific across different species and that there is colocalization with megalin at the apical membrane, both by light and electron microscopy. Cellular studies demonstrate apical localization in polarized cells and assays utilizing recombinant survivin also demonstrate uptake and apical storage of the protein. ing of survivin to megalin and knockout mice lose survivin protein in the urine.
MATERIALS AND METHODS

Collection of Human and Rodent Tissues
Human tissues were collected at radical tumor nephrectomy and either fixed in 4% paraformaldehyde (PFA) or with 0.01% glutaraldehyde plus 4% PFA or prepared for tubular cell isolation, as described below. Standardized kidney biopsies from living kidney donors were collected during transplantation. Written informed consent was obtained from each patient before nephrectomy/biopsy. The collection of human tissues for this study was approved by the local ethics committee of the University of Erlangen-Nuremberg. Rat and mouse kidneys were collected from adult Sprague-Dawley rats and C57Bl/6 mice. Animal procedures were approved by the Institutional Review Board of the Friedrich Alexander University ErlangenNuremberg.
Cell Culture
To generate human primary tubular (hPT) cells, nephrectomy samples were collected in HBSS (GIBCO, Darmstadt, Germany), cut into small pieces (ϳ1 mm), and incubated with collagenase type 2 (GIBCO) for 30 min at 37°C. DNase 1 (Roche, Grenzach, Germany) was added followed by incubation for 15 min at 37°C. The digest solution was gently agitated through incubation.
The solution was passed through a 106-m sieve followed by a 45-m sieve (Retsch, Haan, Germany), constantly rinsed with HBSS. Ten percent FCS was added, and the solution was incubated on ice for 30 min. Cell solution was centrifuged at 500 rpm, 4°C, for 5 min, washed with cold HBSS, and centrifuged again. Cells were resuspended in medium and seeded into plastic dishes, according to Kroening et al. (11) . Only passages 1-3 were used for experiments.
hPT cells were maintained in DMEM/Ham's F-12 medium (1:1; GIBCO), supplemented with EGF (10 ng/ml), insulin (5 g/ml), transferrin (5 g/ml), 33=,5-triiodothyronine (6.5 ng/ml), hydrocortisone (36 ng/ml), Na-selenite (5 ng/ml), penicillin (100 U/ml), and streptomycin (100 g/ml) but without FCS.
For polarization and differentiation, hPT were grown on Millicell cell culture inserts (Millipore, Billerica, MA) coated with human fibronectin for 5-7 days (BD, Heidelberg, Germany).
Immunolabeling Protocols
Immunohistochemistry. Paraffin-embedded mouse, rat, and human kidney tissues were cut into 4-m sections, dewaxed, and rehydrated in a series of isopropanol washes, and endogenous peroxidase activity A B D C Fig. 2 . Validation of apical tubular survivin. Immunohistochemistry on rat kidney tissues with an independent monoclonal antibody against survivin (n Ͼ 10; A) and negative control (B, secondary antibody only). Magnifications were ϫ200 (A) and ϫ100 (B). C and D: immunofluorescence for survivin on rat kidney tissue (n ϭ 10). Magnifications were ϫ100 (C) and ϫ200 (D). DAPI was used for nuclear staining.
was blocked. A commercial protocol was followed based on a streptavidin-biotin-peroxidase reaction (DAKO, Hamburg, Germany). For antigen retrieval, slides were cooked for 20 min in 100 mmol/l citrate buffer (pH 6.0) by using a standardized pressure cooker (Biocare Medical, Walnut Creek, CA). Next, slides were blocked with TBS (50 mmol/l Tris·HCl and 136 mmol/l NaCl, pH 7.4) and 5% fat-free dried milk ϩ 0.01% Tween-20 for 30 min at room temperature. Sections were incubated with a rabbit polyclonal survivin antibody (AF886; R&D Systems, Germany) diluted 1:200 in TBS ϩ 5% fat-free dried milk overnight at 4°C. Thorough rinsing was followed by incubation with biotinylated secondary goat anti-rabbit antibody (1:50; E0432, DAKO) for 30 min at room temperature and streptavidin/biotinylated alkaline phosphatase for 30 min. Finally, AEC solution (DAKO) was used as chromogen according to the manufacturer's instructions. All incubations were performed in a humidified chamber. Between incubations, specimens were washed three times in TBS. Finally, the sections were counterstained with hematoxylin solution according to Mayer (DAKO) and were analyzed with an Olympus BX 60 microscope (Olympus, Hamburg, Germany). Photographs were recorded digitally with a ColorViewII camera (Olympus Soft Imaging Solutions, Münster, Germany). Individual data sets were performed with a mouse monoclonal antibody against survivin (clone 60.11; Novus Biosystems, Littleton, CO) as indicated, using an biotinylated antimouse secondary antibody (1:50; E 0433; DAKO) and identical protocol thereafter, as described above.
Caspase-3 staining was performed with the primary antibody anticaspase-3 (cleaved; DCS Innovative Diagnostik-Systeme, Hamburg, Germany) and the secondary antibody ImmPRESS Anti-Rabbit Ig (peroxidase) Polymer Detection Kit (Vector Laboratories, Burlingame, CA).
Immunofluorescence. Paraffin-embedded rat kidney sections were processed as above and incubated with different primary antibodies: anti-survivin AF886 at 1:200; goat anti-megalin P-20 at 1:50 (Santa Cruz Biotechnology, Heidelberg, Germany); monoclonal mouse anti-␤-actin A5441 at 1:1,000, clone AC-15 (Sigma-Aldrich, Taufkirchen, Germany); and mouse anti-␤-tubulin T5293 at 1:5,000, clone 2-28-33 (Sigma-Aldrich). After being incubated overnight at 4°C and washed with TBS, tissues were incubated with fluorescent dye-labeled antibodies (1:500; Invitrogen) at 37°C for 40 min. Nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI; 1:1,000; Invitrogen) together with the secondary antibodies at 1:500 each: donkey anti-rabbit antibody conjugated with Rhodamine RedX (Dianova, Hamburg, Germany), goat anti-rabbit antibody conjugated with Alexa 594 (A11012; Invitrogen, Karlsruhe, Germany), donkey anti-rabbit antibody conjugated with Cy5 (Dianova), donkey anti-goat antibody Immunocytochemistry. hPT cells were grown on cell culture inserts as described above. Cells were washed twice with PBS and fixed for 10 min with 3% PFA. Between two incubation steps, cells were washed three times for 5 min with PBS. Cells were permeabilized with 0.5% Triton X100 in PBS, blocked with 3% BSA in PBS for 1 h after 3 PBS washings for 5 min each, and incubated with primary antibody over night at 4°C. The 3 ϫ 5 min PBS washings were followed by incubation with secondary antibody and DAPI for 40 min. Membranes were cut out with a scalpel and mounted with moviol on glass slides.
Some samples were fixed in 4% PFA with 0.01% glutaraldehyde for electron microscopy.
Survivin Uptake Experiments
hPT cells were grown on cell culture inserts as described above. Cells were incubated for 1 h with equal amounts of recombinant protein: either survivin (R&D Systems, Wiesbaden, Germany) or histone (Roche) labeled with FITC according to the manufacturer's instructions (Sigma-Aldrich). The end concentration of both recombinant proteins was 1 g/ml in the inner chamber of cell culture inserts. After incubation cells were washed two times for 2 min with PBS and fixed with 3% PFA for 10 min. Nuclei were counterstained with DAPI and membranes were cut out with a scalpel and mounted with moviol on glass slides. All fluorescent cell samples were analyzed with a Zeiss microscope equipped with a Zeiss ApoTome module to allow three-dimensional analyses of signal distribution.
Immunoblot Analysis
Urine samples were collected from megalin-, cubilin-, and megalin/ cubilin-double knockout mice and wild-type mice and frozen at Ϫ20°C (28). Samples were run on 12% polyacrylamide gels and transferred to Immobilon P (Millipore, Bedford, MA) using an iBlot system (Invitrogen). Membranes were blocked with PBS, 4% fat-free dried milk, and probed with polyclonal antibody AF886 (1:500) or monoclonal antibody 71G4B7 (Cell Signaling, Danvers, MA) and horseradish peroxidase-conjugated secondary antibodies (DAKO). Signals were visualized by chemiluminescence (Millipore).
Surface Plasmon Resonance Analysis
Rat megalin and cubilin purified by receptor-associated protein and intrinsic factor-B12 affinity chromatography, respectively, were immobilized as described previously (3, 16) . Biacore sensor chips type CM5 were activated with a 1:1 mixture of 0.2 M N-ethyl-N=-(3-dimethylaminopropyl)carbodimide and 0.05 M N-hydroxysuccimide in water according to the manufacturer's instructions. Megalin and cubilin were immobilized in 10 mM sodium acetate pH 4.5 at a concentration of ϳ10 and ϳ50 g/ml, respectively. The remaining binding sites were blocked with 1 M ethanolamine pH 8.5. The resulting receptor density was 20.1 and 31.6 fmol cubilin/mm 2 . A control flow cell was made by performing the activation and blocking procedure only. Recombinant survivin (CP Biotech, Sylvania, OH) was dissolved in 10 mM HEPES, 150 mM NaCl, 1.5 mM CaCl 2, and 1 mM EGTA pH 7.4 ϩ 0.005% Tween 20, and added to the analysis at the different concentrations shown (see Fig. 7A ). Sample and running buffer were identical. Chip regeneration was performed with 1.6 M glycine-HCl buffer pH 3.0. The Biacore response was expressed in relative response units, i.e., the difference in response between protein and control flow channel. Kinetic parameters were determined by BIAevaluation 4.1 software (GE Healthcare) using a plasmon resonance (SPR) analysis was performed on a Biacore 3000 instrument (GE Healthcare, Waukesha, WI).
Immunoelectron Microscopy
For postembedding immunogold labeling, human and rat kidney specimens were fixed in 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 5 h at 4°C. Specimens were dehydrated serially to 70% ethanol at Ϫ20°C and embedded in resin (LR White; Electron Microscopy Sciences). Ultrathin sections were successively incubated in TBS, 0.05 M glycine in TBS, 0.5% ovalbumin, and 0.5% fish gelatin in TBS, in primary antibodies diluted in TBS-ovalbumin overnight at 4°C, and finally in 10-and 18-nm gold-conjugated secondary antibodies (BioCell, Cardiff, Wales, UK) diluted 1:30 in TBS-ovalbumin for 1 h. After they were rinsed, the sections were stained with uranyl acetate and examined with a transmission electron microscope (906E; Zeiss, Oberkochen, Germany).
In negative control samples, the primary antibody was replaced by PBS or equimolar concentrations of nonimmune rabbit IgG or an irrelevant primary antibody.
If not otherwise stated all chemicals used were from SigmaAldrich.
RESULTS
As the finding of survivin localization at the apical membrane of the proximal tubules in adult kidney is not established in the literature we aimed to verify the specificity of the immunolabeling. Immunohistochemistry from biopsies of human kidneys (Fig. 1, A-C) , sections of rat (Fig. 1, E-G) and mouse (Fig. 1, I -K) kidneys show strong staining patterns at the apical membrane of proximal tubules in all species, as well as weaker labeling for survivin in glomeruli. We have previously shown that the latter probably stems from podocyte expression (12) . The above was achieved by using a polyclonal antibody against survivin (AF886; R&D Systems). To verify the specificity of the data we next used a monoclonal antibody against survivin (clone 60.11 Novus Biosystems) on rat tissues, which shows similar results (Fig. 2, A and B) . Immunofluorescence using different staining techniques, secondary antibodies, and detection systems also demonstrate clear membranous staining of survivin in proximal tubules (Fig. 2, C and D) . Controls with all utilized secondary antibodies only in any species investigated showed no specific immunolabeling (Figs. 1 and 2 and data not shown). Immunoelectron microscopy on human kidney tissue also confirmed localization of gold particles indicating survivin near the apical membrane of proximal tubule cells (Fig. 3, A and B) . Higher magnification showed a clear association with tubular structures and vesicles near the apical membrane, which can be confirmed by immunohistochemistry (Fig. 3C) and immunofluorescence (Fig. 3D) . Taken together, we clearly demonstrate with several different detection techniques and tools that survivin is enriched at the apical membrane of renal proximal tubules, which can be found across species.
Having established the specificity of membranous survivin staining in tissues, we next attempted to investigate these findings in an in vitro model. For this we used hPT cells derived from radical tumor nephrectomy that we have previously shown to express high levels of survivin protein (12) .
hPT were grown on glass slides (Fig. 4A) or on permeable membranes (Fig. 4B) , which enable transcellular transport and thus cellular polarization. Whereas cells on glass slides partially display a de-differentiated, spindle-like appearance, cells grown on permeable membranes have a typical cobblestone appearance, characteristic of differentiated epithelial cells. Electron microscopy of the polarized hPTs on membranes confirmed the apico-basal orientation of the cell, including apical microvillous structures (Fig. 4C) . Three-dimensional reconstruction by thin-layer light microscopy verified the apical localization of survivin also in this cell culture model (Fig.  4, D and E) .
We next used the polarized hPT model to test whether exogenous, recombinant survivin could enter the cells. For this purpose we labeled commercially available recombinant survivin with FITC and incubated this with polarized hPT cells (Fig. 5) . Whereas labeled survivin accumulates near the apical membrane (Fig. 5, A, D, and E) , labeled histone (with a similar molecular weight) as control merely shows diffuse background signals (Fig. 5B) . Three-dimensional illustration of added recombinant survivin clearly demonstrates the predominant apical localization (Fig. 5C) .
Because of its subapical localization we next questioned whether survivin associates with the cyctoskeleton proteins actin and tubulin (Fig. 6, A-D antibodies did not show any colocalization. Since actin shows particular high accumulation at the brush border, the survivin deposition basal to this distinctly marks the subapical localization (and further argues for specificity of the survivin signal). The endocytosis receptor megalin is known to localize in this very region and clearly colocalized with survivin (Fig. 6, E and F) .
To further validate colocalization we performed highresolution confocal microscopy using different secondary antibodies, which shows complete colocalization of survivin and megalin at the apical membrane of the proximal tubules (Fig. 7, A-C) . Immunogold labeling for survivin (large gold particles) and for megalin (small gold particles) confirmed that both proteins accumulate near the apical membrane of tubular cells, where the brush border can be seen in the upper regions of the images (Fig. 7, D and E) . In contrast, only few gold particles of any size could be observed in the central and basal regions of the cells (data not shown).
Next, we wished to verify that the endocytic receptor megalin, and/or its functionally familiar receptor cubilin, is able to physically bind survivin. Surface plasmon resonance analysis revealed a concentration-dependent (5-500 nM survivin) increase in resonance response for binding to both receptors and the dissociation constant (K d ) was estimated to ϳ79 nM for megalin and ϳ77 nM for cubilin when assuming a one-site (1:1) binding model and using global fitting (Fig. 8, A and B) . Finally, if megalin or cubilin were capable of absorbing survivin from the urinary space, knockout of either megalin or cubilin should lead to excretion of survivin by the urine. Thus we analyzed conditional knockout mice utilizing the Wnt4-promotor, which efficiently deletes megalin and/or cubilin in the kidney (28) . Neither knockout mouse showed spontaneous increase of apoptosis, as measured by caspase-3 immunohistochemistry in untreated mice (data not shown). Immunoblotting of the urine from these mice for survivin clearly shows that survivin cannot be found in the controls (Cre-, indicating complete reabsorbtion) but can be detected in knockouts for megalin and the combined megalin/cubilin knockouts (Fig. 8,  C and D) . Interestingly, with the broadly used polyclonal antibody against survivin we were only able to detect an excreted protein species migrating at 32 kDa in the knockout mice, which most likely corresponds to the previously described heterodimer of survivin. With the use of a monoclonal antibody against survivin, a knockout-dependent species was detected at 32 kDa, as well as 16 kDa, which is the molecular mass of the monomer survivin. These data provide biochemical and functional evidence for the tubular reabsorption of survivin by megalin and possibly cubilin.
DISCUSSION
Survivin is the smallest member of the family of IAP proteins. Its main function was originally thought to be inhibition of apoptosis. However, soon after its discovery it had been noticed that it is a crucial part of the chromosomal passenger complex and that survivin is required in the cell cycle to pass through mitosis (2) . For these reasons, we were surprised to find survivin expressed in most adult healthy tissues, which indicated a (further) physiological role of survivin. Paradoxically, the renal tubular cells in the adult kidney show very little proliferation and almost no apoptosis. In this study we show that survivin protein is enriched at the apical membrane of renal tubular cells and we provide evidence that the endocytic receptor megalin is responsible for survivin uptake into these cells. Two obvious questions arise from this study. First, where does the extracellular and filtered survivin come from? Second, what is the biological relevance of survivin reabsorption either for the kidney or the organism as a whole?
Early on in our studies we noted that the level of expression of survivin mRNA was quite low in relation to the readily visible protein near the apical membrane (12) . Although such comparisons are difficult, we did suspect an extracellular source. To our knowledge, an active secretion or function of survivin into or in the extracellular space has not yet been described under physiological conditions. Ahn et al. (1) have reported that survivin can be found in the joint fluid of rheumatoid arthritis and that this correlates with disease severity. Similarly, survivin has been detected in the urine of patients with bladder cancer (23) as well as in blood and urine of breast cancer patients (15) . This has been discussed as predictive marker of disease progression. The source of survivin in these settings is not known and may merely reflect the rate of cellular turnover. On the other hand, Khan et al. (9) have observed an active exosomal excretion mechanism in immortalized cell cultures. Thus there may well be a source of survivin in the extracellular space outside of cellular turnover, possibly existent in physiology.
Having established that survivin in the primary urine is reabsorbed by proximal tubules an important question is what the physiological role for the kidney would be, the classical functions being cell division and antiapoptosis. Under physiological conditions the proximal tubules show very little proliferation, with the rate of proliferating cells to be less than 1% (18) . Similarly, under healthy conditions very little apoptosis can be found in the kidney, whereas different stresses lead to a profound increase (5, 21) . Interestingly, it has been shown that strongly active proapoptotic proteins such as Fas ligand have been found to be constitutively expressed in the proximal tubules (14) . Maintenance of tissue homeostasis may therefore require a basal antiapoptotic activity. Indeed, genetic inactivation of the antiapoptotic proteins Bcl2 or AP-2␤ lead to increased apoptosis and eventually cystic degeneration (17, 26) . Thus apoptosis controlling mechanisms appear to play a role in kidney physiology. Furthermore, in tissue injury both apoptosis and proliferation will play a dominant role in tissue repair. Survivin as potent antiapoptotic protein may well participate in this scenario. First, survivin has been shown to be protective in toxin-induced acute renal failure, investigated in heterozygous mice bearing a survivin deletion (10) . Second, clinical survivin targeting studies in phase 1 and 2 using the small molecular substance YM155 or the antisense oligonucleotide LY 2181308 have reported a number of patients with acute kidney injury and/or proteinuria (6, 7, 13, 22, 25) (Table 1 ). All settings discussed will affect the systemic amount of survivin in the whole organisms. Whether putative consequences for the kidney are conferred by decreased tubular uptake or endogenous expression in proximal tubules cannot therefore be differentiated. Vitamins that have been absorbed by megalin can be biologically fully active, such as has been described for e.g., vitamin D (4). However, in the case of proteins there is the notion that most of these are totally degraded by the lysosome. If that would be the case, a functional role of absorbed survivin for the kidney could not be expected.
In this study, we show that survivin is reabsorbed by the renal proximal tubules, a process which is driven by the endocytic receptor megalin. Survivin protein is preferentially stored at the apical membrane, where megalin can also be found. So far, it is not clear to us what function the membranous survivin has in the adult healthy kidney. However, under physiological conditions membranous survivin does not appear to suppress apoptosis.
We would hypothesize that survivin acts as a protective molecule in kidney injury and/or repair. To what extent the membranous/exogenous protein or endogenously upregulated survivin is involved we do not know to date. Survivin appears in the cytoplasma of tubular cells in acute kidney injury (12) , either released from subapical storage or endogenously upregulated to act similarly to other antiapoptotic proteins as mentioned above and/or enable cellular proliferation for tissue repair.
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